The role of RhoA in promoting directed cell migration has been complicated by studies showing that it is activated both in the front and the rear of migrating cells. We report here that the RhoA-specific guanine nucleotide exchange factor Syx is required for the polarity of actively migrating brain and breast tumor cells. This function of Syx is mediated by the selective activation of the RhoA downstream effector Dia1, the subsequent reorganization of microtubules, and the downregulation of focal adhesions and actin stress fibers. The data argue that directed cell migration requires the precise spatiotemporal regulation of Dia1 and ROCK activities in the cell. The recruitment of Syx to the cell membrane and the subsequent selective activation of Dia1 signaling, coupled with the suppression of ROCK and activation of cofilin-mediated actin reorganization, plays a key role in establishing cell polarity during directed cell migration.
R
ho GTPases (including RhoA, Rac1, and Cdc42) are key mediators of cytoskeletal dynamics (1) . In concert with adhesion receptors and polarity complexes, Rho GTPases regulate apicobasal polarity and epithelial cell adhesion, or front-end polarity and directed cell migration (2) (3) (4) . Rac1 and Cdc42 activities are associated with actin reorganization and membrane protrusion at the leading cell edge, promoting either directed cell migration or cell-cell contact (1, 2, 4, 5) . RhoA is linked with either a strengthening or weakening of intercellular junctions, through mechanisms that likely involve the antagonistic functions of its effectors (6) (7) (8) . In polarized cell migration, RhoA function was originally thought to be restricted to the retraction of the trailing end (9, 10) . However, biosensor studies indicated that activated RhoA is also found at the leading edges of migrating cells (11) (12) (13) (14) . Therefore, RhoA effects toward front-rear polarity and directed cell migration cannot be explained by selective RhoA activation at the front or the rear of migrating cells. An alternative possibility is that the precise spatiotemporal activation of RhoA coupled with the selective activation of distinct downstream effectors, such as the Rho associated kinases (ROCK1 and -2) or the formin family member Diaphanous homologue 1 (mDia or DIAP1; referred to herein as Dia1), accounts for RhoA effects on cell polarity and directed cell migration. However, no selective mechanism for the activation of one versus another Rho effector has been reported to date, nor has the mechanism of the functional antagonism between ROCK and Dia1 been elucidated.
RhoA binds to and is activated by guanine nucleotide exchange factors (GEFs). The RhoA-specific (15, 16) synectin-binding RhoA exchange factor (Syx; also known as TECH or PLEKHG5) is involved in endothelial cell migration (17, 18) , as well as endothelial cell junction integrity, barrier function, and vascular leakiness (8) . Syx localizes to the cell membrane through its interaction with members of the Crumbs polarity complex (8, 18, 19) . In the present study, we show that Syx is required for the polarity of actively migrating brain and breast cancer cells. Our data support a model where the precise spatiotemporal activation of RhoA by Syx, its procedure: GFP-mDia1⌬N3 (21) was initially subcloned into pEYFP-C1 (Clontech) using the BglII and SalI restriction sites; the C-terminal 100 amino acids of murine Syx were then PCR amplified and subcloned in frame into pEYFP-mDia1⌬N3. pEYFP-SyxN596A and pEYFP-Syx-⌬DH (lacking amino acids 406 to 596 of murine Syx) were generated using a QuikChange multisite-directed mutagenesis kit (Stratagene). All constructs were sequenced to ensure absence of mutations.
ROCK inhibitors Y-27632 (Sigma) and H1152 (Calbiochem) were dissolved in sterile water to 10 mM. Nocodazole (Sigma-Aldrich) was dissolved in dimethyl sulfoxide to a stock concentration of 10 mM.
Immunofluorescence, immunoblotting, and quantitative reverse transcription-PCR (RT-PCR). For immunofluorescence, the cells were fixed with either methanol or 3% paraformaldehyde as previously described (22, 23) . Samples were probed with the respective primary antibodies, followed by incubation with highly cross-absorbed Alexa Fluor (488 and 594) secondary antibodies (Invitrogen). Images were acquired with a Zeiss LSM 510 META confocal laser-scanning microscope, using a Plan-Neofluar 40ϫ, 1.3-numerical-aperture (NA) objective oil immersion objective or a Plan-Apochromat 63ϫ, 1.4-NA oil immersion objective.
For immunoblotting, cell lysates were prepared using radioimmunoprecipitation assay buffer, resolved using SDS-PAGE, transferred to nitrocellulose membrane, probed with primary and secondary antibodies, and detected with enhanced chemiluminescence (GE Healthcare).
For quantitative RT-PCR (qRT-PCR), total RNA was isolated using miRCURY RNA isolation kit (Exiqon). Equal amounts of RNA were converted to cDNA using a high-capacity cDNA reverse transcriptase kit (Applied Biosystems) according to the manufacturer's instructions. TaqMan FAST Universal PCR master mix (Applied Biosystems) was used for qPCRs (triplicate for each sample). The data were collected and analyzed by an Applied Biosystems Prism 7900 sequence detector and Sequence Detection System software (Applied Biosystems). The samples were probed for Syx (catalog no. Hs00299154_m1; Applied Biosystems) or Dia1 (catalog no. Hs00946556_m1; Applied Biosystems) and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH ; catalog no. Hs99999905_m1; Applied Biosystems) or 18S (catalog no. Hs99999901_s1; Applied Biosystems). The mRNA abundance was calculated using the ⌬⌬C T method (24) . RhoA activity assay. The level of active RhoA was determined using rhotekin pulldown assays as previously described (25) . Briefly, HeLa cells were transfected with the respective constructs and cleared cell lysates were incubated with reconstituted glutathione S-transferase (GST)-fused rhotekin-RBD protein beads (Cytoskeleton) to precipitate GTP-bound RhoA. Active, GTP-bound RhoA, as well as total RhoA, was visualized by SDS-PAGE and Western blotting with a RhoA-specific monoclonal antibody (26C4; Santa Cruz Biotechnology).
Scratch-wound, Transwell, and xCELLigence migration assays. For scratch-wound assays, U251 cells were plated and cultured at confluence on cover glass for 24 h. Scratching the cell monolayer with a P200 pipette tip induced a wound. At 5 hours after wound formation, the cells were fixed and stained for immunofluorescence analysis.
HeLa cell migration was determined using Transwell migration chambers (8-m pore size; Becton Dickinson). Cells were serum starved overnight before seeding at a density of 5 ϫ 10 4 cells per chamber in serumfree medium. Cells were allowed to attach for 3 h, and then 5% FBS was added to the lower chamber as a chemoattractant. Cells that migrated to the underside of the migration chambers after 12 h at 37°C in 5% CO 2 were stained with crystal violet and counted, as described previously (25) . The data from several experiments were expressed as percent control and represent the means Ϯ the standard deviations (SD) of three independent determinations performed in triplicate.
The xCELLigence system (Roche Applied Science) was used to monitor Transwell cell migration of U251 and Hs578T cells, according to the manufacturer's instructions. Briefly, cells were serum starved for 1 h before seeding onto a CIM plate 16 at a density of 3 ϫ 10 4 cells/well in serum-free medium. In the lower chamber, 10% FBS-containing medium or serum-free medium were used as a chemoattractant or control, respectively. Cell migration was monitored for 10 h. Each condition was performed in quadruplicate.
RESULTS
Syx regulates microtubules, focal adhesions, and static cell polarity. Directed cell migration and increased invasion are major factors in the poor prognosis of many tumors, especially human glioblastoma multiforme (GBM), a predominantly lethal brain tumor. Although Syx is expressed primarily in endothelial cells, we found it to be widely expressed in a panel of conventional human GBM cell lines, as well as in several human GBM tumors transplanted serially in mice (Fig. 1A and B) . The level of Syx expression in U251 cells, a classic cellular model of human GBM, was comparable to its expression in human umbilical vein endothelial cells (HUVECs) (Fig. 1A) . Knockdown of syx by each of two nonoverlapping shRNAs markedly reduced Syx expression (Fig. 1C) and drastically affected U251 cell morphology ( Fig. 1D and E) . The elongated morphology of U251 cells expressing nontarget shRNA was replaced by a flattened, apolar phenotype upon the expression of syx shRNAs. Syx depleted cells exhibited a significant increase in the number and size of focal adhesions (visualized by vinculin staining) and a redistribution of actin filaments to stress fibers and circumferential actin bundles (Fig. 1D) . Syx depletion also resulted in the dramatic reorganization of microtubules, which retracted from the cell membrane and lost the ability to coalesce in bundles (Fig. 1E, arrows) . These results collectively suggest that the ability of U251 to polarize in the absence of exogenously manipulated extracellular matrix (ECM) or directional cues depends upon Syx.
The establishment of front-end polarity and active migration of tumor cells require Syx. To assess the ability of tumor cells to migrate directionally in the absence of Syx, we used scratchwound and Transwell migration assays. Upon wounding a confluent cell monolayer, cells at the wound's edge extend lamellipodia, polarize, and move directionally to fill in the wound. This behavior is clearly evident in leading-edge U251 cells expressing control shRNA ( Fig. 2A) , which extend lamellipodia in the direction of the wound. In contrast, Syx-depleted U251 cells exhibit an apolar phenotype and lack a polarized lamellipodium distribution toward the wound ( Fig. 2A ). Consistent with a polarity defect, the ability of U251 cells to reorganize their Golgi apparatus in front of the nucleus and toward the wound is effectively blocked by Syx depletion with either of two different shRNAs (Fig. 2B) . Next, we utilized the xCELLigence (Roche Applied Science) Transwell assay, which quantitates cell migration over time, to examine the ability of U251 cells to migrate toward a gradient of FBS, used here as a chemoattractant. Figure 2C shows that over the course of 10 h, Syx-depleted cells were unable to migrate directionally toward the chemoattractant cue.
To determine whether Syx acts similarly in other cells, we assessed Syx mRNA expression in several breast cancer cell lines ( Fig. 2D ) and selected Hs578T cells for further evaluation given their ability to migrate and their comparable levels of Syx expression to U251 cells (Fig. 2E) . Depletion of Syx in Hs578T cells (Fig.  2F ) also resulted in a flattened, apolar cell phenotype (not shown) and blocked Hs578T directed cell migration in the xCELLigence assay (Fig. 2G) . Combined, the data show that the establishment of front-end polarity and the active migration of tumor cells require Syx.
Syx membrane localization and exchange activity are required for cell polarity and migration. Depletion of Syx did not change overall RhoA activity, as measured by a whole-cell RhoA activity assay, in normally cultured U251 or HeLa cells (data not shown). This is not entirely surprising, given the reported cross talk between RhoGEFs. For example, depletion of p114RhoGEF also fails to reduce overall RhoA levels, due to a compensatory activation of GEFH1, a microtubule-associated RhoGEF (26) . Although we have not formally tested this hypothesis, the induction of focal adhesion and stress fiber formation and the reorganization of the microtubule network upon Syx depletion suggest the potential involvement of other locally acting RhoGEFs, and possibly GEFH1. Nonetheless, a local effect of Syx on RhoA activity could still be important to the establishment of Syx-dependent front-end polarity and active migration of tumor cells. To test whether Syx promotes cell migration by locally activating RhoA at the leading edges of migrating tumor cells, we utilized a panel of yellow fluorescent protein (YFP)-or V5-tagged Syx mutants either lacking the C-terminal PDZ binding motif (Syx-⌬PBM), carrying a point mutation that disrupts GEF activity (Syx-N596A), or lacking the entire DH catalytic domain (Syx-⌬DH) (Fig. 3A) . Previous studies have established that the recruitment of Syx to the cell membrane requires interaction with members of the Crumbs polarity complex via its PDZ binding motif (8, 18) . First, we assessed the ability of membrane or Rho uncoupled Syx mutants to rescue the morphology and polarity of Syx-depleted U251 cells. Ectopically expressed murine YFP-Syx accumulated at leading cell edges and rescued the polarized morphology of U251 cells expressing syx shRNA (Fig. 3B) . In contrast, Syx-⌬PBM failed to localize to the cell periphery or to reverse the apolar phenotype of Syx-depleted cells. Consistent with its inability to activate RhoA (Fig. 3C) , ectopic expression of the Syx-N596A mutant also failed to reverse the apolar phenotype of Syx-depleted cells, despite its localization at cell edges (Fig. 3B) . We also assessed the effect of ectopically expressing Syx mutants in HeLa cells, which express endogenous Syx and migrate toward serum (FBS) in a Syx-dependent manner (Fig. 3D) . Ectopic expression of YFP-Syx in HeLa cells increased cell migration by 2.5-fold, whereas the expression of either the membrane-uncoupled (⌬PBM) or the catalytically inactive (⌬DH) Syx mutants failed to significantly affect cell migration (Fig. 3D) . Importantly, Rho activity assays verified that Syx-⌬DH is unable to induce RhoA activation, while Syx-⌬PBM induces RhoA to a similar extent as wild-type Syx (Fig. 3E) . Combined, the data indicate that while Syx is not a major contributor to the overall cellular RhoA activity, both its membrane localization and exchange activity are required for cell polarity and directed cell migration. Dia1 depletion and microtubule depolymerization phenocopy Syx depletion defects. Since the GEF activity of Syx was required for its effects on cell polarity and migration, we sought to assess the involvement of two key Rho downstream effectors: ROCK and Dia1. Pharmacological inhibition of ROCK in U251 cells induced a multipolar, stellate cell morphology, with a significant reduction in actin stress fiber organization (Fig. 4A) . Similar phenotypic changes were also observed in cells treated with a second ROCK inhibitor (data not shown). In contrast, silencing dia1 with specific shRNAs (Fig. 4B ) resulted in flattened, apolar cells, accompanied by increased size and number of focal adhesions and actin reorganization (Fig. 4A) , phenotypes that were indistinguishable from those observed upon Syx depletion. In agreement with the phenotypic changes that are opposite those of ROCK suppression, depletion of either Syx or Dia1 resulted in increased phosphorylation of the myosin-binding subunit of myosin phosphatase (MYPT) at T853 (Fig. 4C) , a direct measure of ROCK activation (27) . Phosphorylation of cofilin at S3 (an indirect target of ROCK activation [for a review, see reference 28]) was also increased in Syx-or Dia1-depleted cells (Fig. 4C) . S3 phosphorylation inactivates cofilin's actin severing activity (29, 30) , which may account, at least in part, for the increased presence of actin stress fibers in Syx and Dia1-depleted cells. As expected, a dose-dependent reduction in cofilin S3 phosphorylation was observed in U251 cells treated with the ROCK inhibitor (Fig. 4D) .
A close inspection of microtubules in U251 cells revealed an interesting dichotomy (Fig. 4A ): similar to Syx-depleted cells, Dia1 knockdown induced retraction of microtubules from the cell membrane and blocked microtubules from coalescing into bundles, whereas in contrast, the suppression of ROCK induced pronounced microtubule bundling. Normal U251 cells exhibited an intermediate phenotype, suggesting that spatial regulation of ROCK and Dia1 activities is critical for proper cell polarization. Combined, the data suggest that Dia1 opposes ROCK activity and mediates the effects of Syx on cell polarity and migration.
Dia1 has been previously linked to directed cell migration (31-33), as well as to the turnover of focal adhesions (31) . Interestingly, microtubules have long been associated with focal adhesion turnover (34) (35) (36) . To examine the potential role of microtubules in Syx function, we initially treated U251 cells with the microtubule depolymerizing agent nocodazole. Treated cells largely phenocopied the Syx and Dia1 depletion-induced morphological changes, suggesting that microtubules are involved in Syx function (Fig. 4E) . Dia1 activation, stable microtubule capture and bundling, and suppression of ROCK mediate cell polarization. Dia1 is thought to recruit adenomatous polyposis coli (APC) to the cell's leading edge, where APC interacts with the microtubule end-capping protein EB1 to promote microtubule capture in a process that is regulated by glycogen synthase kinase 3␤(GSK3␤) (33, 37, 38) . To test the hypothesis that Syx affects Dia1-dependent microtubule capture and bundling, we first examined control and Syxdepleted cells for EB1 localization. We observed an overall increase in EB1 staining in Syx-depleted cells, suggesting increased levels of microtubule plus ends (Fig. 5A) . Importantly, clusters of EB1 puncta could be readily seen in control cells, where they associ- ated with the tips of microtubule bundles at the cell's edge (Fig. 5A) . In contrast, in cells expressing syx shRNA, EB1 was not found in clusters and was not associated with microtubule bundles. Next, we assessed whether activation of Dia1 specifically at membrane complexes where Syx is targeted can rescue the Syx depletion defects in microtubule dynamics, cell morphology, and polarity. We assumed that endogenous Syx acts by locally activating RhoA, which then associates with the autoinhibitory Rhobinding domain of Dia1 (39) , resulting in Dia1 activation. Thus, we generated a yellow fluorescent protein (YFP)-tagged fusion construct (Fig. 5B) consisting of a constitutively active Dia1 fragment (⌬N3; lacking the autoinhibitory Rho-binding domain) fused to a C-terminal Syx fragment containing the PDZ binding motif [syx(C)] responsible for membrane recruitment of Syx. The fusion protein, YFP-Dia1(⌬N3)-syx(C), is expected to promote Dia1-induced signaling events selectively at Syx-targeted membrane complexes. Transient expression of YFP-Dia1(⌬N3)-syx(C) in Syx-depleted U251 cells caused pronounced microtubule bundling and a dramatic phenotypic change from an apolar phenotype to a multipolar, stellate cell morphology ( Fig. 5C and  D) . Importantly, this phenotypic reversion was not observed in cells expressing YFP-Dia1(⌬N3), indicating that proper localization, in addition to Dia1 activation, is required for microtubule bundling and cell polarization (Fig. 5C) .
To examine the mechanism of Dia1 action, we then assessed microtubule capture at the cell periphery. Consistent with microtubule capture, the phenotypic change induced by ectopic expression of YFP-Dia1(⌬N3)-syx(C) was accompanied by the presence of EB1 clusters at the tips of microtubule bundles, colocalizing at cell protrusions with the Dia1 fusion protein (Fig. 6A) . Microtubule capture at the cell periphery is thought to induce microtubule stabilization and promote cargo delivery to the cell's leading edge (40) . In agreement, U251 cells expressing the YFP-Dia1(⌬N3)-syx(C) fusion protein exhibited increased levels of detyrosinated (stabilized) ␣-tubulin (also known as Glu-tubulin) associated mainly with microtubule bundles (Fig. 6B ), compared to surrounding Syx-depleted cells. Furthermore, endogenous APC largely colocalized with the fusion protein at cell protrusions associated with microtubule bundles (Fig. 6C) . Combined the data argue that Syx selectively couples RhoA activation to Dia1 signaling at the cell membrane, inducing microtubule capture and bundling although the local recruitment of APC and the clustering of EB1.
Given the antagonistic relationship of Dia1 and ROCK activities on microtubules we also determined the effect of the YFPDia1(⌬N3)-syx(C) fusion protein on focal adhesion size, stress fiber formation, and cofilin S3 phosphorylation, all indirect measures of ROCK activity. U251 cells expressing the fusion protein exhibited fewer and smaller focal adhesions and decreased number of stress fibers (Fig. 6D) , as well as significantly reduced levels of phosphorylated cofilin at S3 (Fig. 6E) , suggesting that membrane-localized Dia1 activity suppresses ROCK activity in these cells and promotes actin severing and reorganization.
DISCUSSION
Here, we uncover a novel mechanism that mediates microtubuledependent cell polarization and directed cell migration of human brain and breast cancer cells. The key component of this pathway is the RhoA-specific GEF Syx, which selectively couples RhoA activation at leading cell edges with Dia1 signaling. Syx depletion in cancer cells impairs cell polarity and blocks directed cell migration. These effects are accompanied by lack of microtubule capture at the cell periphery and deficient microtubule bundling and stabilization. The effects of Syx depletion are phenocopied by suppressing Dia1 function and are rescued by selectively activating Dia1 at the cell membrane of cells lacking Syx. Importantly, the data indicate that localization of Syx to the cell membrane, Syx GEF activity toward Rho, and subsequent localized activation of Dia1 signaling are all essential for the establishment of front-rear polarity and the directed migration of human cancer cells.
An important question regarding the role of Syx in cell migration is the molecular mechanism by which it couples Rho activa- tion to Dia signaling. Previous studies have shown that the localization of Syx to the cell membrane depends on the presence of the PDZ binding motif (8, 17, 18) . The PDZ binding motif of Syx mediates association with members of the Crumbs polarity complex (8, 18) , including PATJ and Pals1, which have been implicated in the directed migration of epithelial cells (41) . The selectivity of Syx for Dia1 activation also requires the PDZ binding motif, as Syx constructs lacking this domain induce actin stress fibers, a classic ROCK-mediated response, when expressed in epithelial cells (8) . Syx and Dia1 colocalize at the leading edges of U251 cells; however, Dia1 membrane localization is not affected by Syx depletion (data not shown). The mechanism of Dia1 recruitment to the leading edges of migrating cells is currently unclear. In turn, Dia1 is thought to recruit APC and EB1 to the leading edge, thus stabilizing microtubules (33) . Interestingly, the polarity protein Scribble also modulates microtubule capture at the front of migrating cells via a Cdc42-and APC-dependent pathway (37, 42) . Therefore, it is possible that two or more polarity complexes cooperate to properly localize and activate Cdc42, Rho, APC, and Dia during directed cell migration. Interestingly, depletion of RhoC but not RhoA resulted in breast and prostate cancer cell spreading similar to that seen in U251 cells upon Syx depletion (43) . This effect of RhoC was attributed to downstream activation of the Dia-related formin FMNL3. Therefore, one possibility is that Syx couples selectively with RhoC at the leading edges of migrating cells. Another possibility is that Syx activates RhoA, but additional interactions of the Syx-activated RhoA may direct its selectivity toward Dia. For example, recent studies have argued that the effector specificity of RhoA toward rhotekin, another Rho effector, is induced upon interaction with S100A4 (44) . As with Dia, the recruitment of ROCK to the plasma membrane is unaffected by Syx depletion (unpublished observations). ROCK binds several membrane-associated proteins, such as p120 catenin, Shroom 3, and p114RhoGEF (26, 45, 46) , suggesting that its recruitment to the cell membrane is highly regulated and that its activation is also dependent on its immediate associated protein complex. The data suggest that Syx does not affect the localization of the Rho effectors per se but rather their activation. Indeed, the formation of select signaling modules at the plasma membrane may explain the specificity of Syx for Dia activation and its inability to activate ROCK.
Syx depletion has profound effects on microtubule organization. Microtubule capture, bundling, and stabilization are likely key events in cell polarization during migration. Our observation that the two Rho effectors, Dia1 and ROCK, exhibit opposite effects on microtubules suggests that their differential activation within the cell, and their antagonistic cross talk can provide the means for cell polarization. In agreement, depletion of either Syx or Dia1 increased ROCK activity, whereas expression of the YFPDia1(⌬N3)-syx(C) fusion protein suppressed cofilin S3 phosphorylation and phenocopied the effects of ROCK inhibition on microtubule bundling, actin organization, and cell morphology.
Based on these observations, we propose that directed cell migration requires the precise spatiotemporal regulation of Dia1 and ROCK activities in the cell. The recruitment of Syx to the cell membrane and the subsequent selective and localized activation of Dia1 signaling, coupled with the suppression of ROCK and activation of cofilin-mediated actin reorganization plays a key role in establishing cell polarity during directed cell migration. In support of this, depletion of either Syx or Dia1 promotes an apolar cell phenotype, while Syx-directed Dia1 activation or suppression of ROCK induces a multipolar cell morphology (see the model in Fig. 7) . The model implies that regulation of Syx membrane recruitment and subsequent signaling via the Syx/RhoA/Dia1 pathway is critical for tumor cell migration, the major contributor in the dissemination and poor outcome of GBM and metastatic tumors. Thus, elucidation of this process could lead to the identification of novel targets for therapeutic intervention in aggressive invasive cancer.
